Abstract Development of reliable and cost-effective technologies to produce hydrogen is very important in the context of climate change mitigation. Even partial substitution of carbonaceous fuels and reductants in ironmaking may reduce CO 2 emissions considerably. Hydrogen-based ironmaking technologies are being developed; however, their commercialization is constrained by availability and cost of hydrogen. Approaches such as solar hydrogen, fuel cells, and bio-hydrogen are being extensively studied worldwide; however, for the most part, these developments have uncertain potential to produce hydrogen for industrial applications in ironmaking owing to their complexity, insufficient productivity, and high cost. The potential of some widely available materials and wastes to be used as contact mass in the thermo-chemical water splitting processes for on-site production of hydrogen at a steel factory towards future hydrogen-based ironmaking is studied in the current paper by using thermodynamic modeling.
Introduction
Hydrogen is the only fuel producing nothing but water as a combustion product and hence it is widely considered as the most promising green energy carrier [1] . Moreover, water is also the only gaseous product of iron ore reduction by hydrogen. Novel hydrogen-based ironmaking processes are being developed nowadays, such as flash ironmaking; however, the high cost of hydrogen is one of the barriers for commercialization of this technology [2] . Hence, use of hydrogen for metal smelting is considered by the Intergovernmental Panel for Climate Change (IPCC) as a longer-term option for mitigating the industrial CO 2 emissions, capable of entering the marketplace only later than 2030 [3] . Therefore, development of a reliable and cost-effective technology to produce hydrogen is very important in the context of climate change mitigation. Not only the economically feasible production of hydrogen but also its transportation and storage in large quantities are noted among the challenges to overcome [4, 5] ; consequently, on-site production of inexpensive hydrogen at a steelmaking enterprise can be considered as an important step for bringing about novel hydrogen-based ironmaking processes to an industrial scale.
One of the most attractive approaches to produce hydrogen is thermochemical water splitting by metal oxide, directly yielding hydrogen without a need to separate hydrogen and oxygen [6] :
The two-step water splitting process uses a redox system where reaction (1) is coupled with thermal decomposition producing the initial reactant
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Environmental friendliness of the approach is evident: oxygen is the only by-product. Application of solar energy for thermal decomposition (reaction 2) should be mentioned among the major directions of the ongoing research activities in the field. Among the problems the researchers encountered, the following can be mentioned [6] [7] [8] [9] [10] :
• High temperature for reaction (2) The cycle based on the iron oxides is being studied by many researchers owing to the availability and comparatively low cost of materials. A two-step thermochemical cycle based on iron oxide redox pair Fe 3 O 4 /FeO for solar hydrogen production was investigated by Charvin et al. [8] . A high-temperature magnetite decomposition reaction was performed in a solar reactor set at the focus of a laboratoryscale solar furnace. A conversion of 83 % was obtained for the hydrolysis reaction of non-stoichiometric solar wüstite Fe (1-y) O at 575°C. It was also demonstrated that the rate of the initial phase of hydrolysis is limited by the kinetics of following chemical reaction
During the latter phases, the process is limited by diffusion of steam to the reaction front through the layer of reaction product (magnetite). A different course of the reaction was observed when commercial Fe x O y was used instead of the one obtained by reducing hematite in a solar furnace which is explained by non-stoichiometry of the solar wüstite.
Water splitting reactions with wüstite and with iron manganese oxides were conducted by Ehrensberger et al. [9] exploring the possibility of using a material with a lower thermal decomposition temperature. Experimental results confirm the possibility to optimize the overall process via partial substitution of iron by another metal (e.g., such as manganese) forming mixed oxides with iron.
As an alternative to thermal decomposition, a reduction route has also been explored for the iron oxides cycle. Particularly, reduction of magnetite to iron in a reformer using synthesis gas (mixture of H 2 , CO, CO 2 , and H 2 O gases obtained by catalytic conversion of hydrocarbons)
with a subsequent ''sponge iron reaction process''
was studied by Thaler et al. [10] . It was found that the pellets made of pure iron oxides were quickly deactivated for redox reactions due to sintering effects. Addition of up to 6.5 % of silica improves performance of the pellets by preventing sintering. The reformer sponge iron cycle (RESC) process has been validated at the laboratory scale. Possibility to use coal instead of natural gas for production of hydrogen for the sponge iron route was also studied [11] . It should be noted that although the quantity of the hydrogen produced in reaction (6) is the same as the one consumed in reaction (4), it is essential that reaction (6) yields pure hydrogen, whereas hydrogen in the reaction (4) is a component of a relatively cheap synthesis gas mixture, and hence the overall process might be feasible. Obviously, the reduction route is unsuitable for producing hydrogen for ironmaking: reduced iron is produced by reactions with syngas (4-5) and there is no reason to oxidize it again. In the paper by Bleeker et al. [12] , a possibility to produce pure hydrogen in the steam-iron process with application of pyrolysis oil gasification products as a reductant in a fluidized bed reactor was studied with two options: (1) a once-through concept, in which cheap iron oxide (sintered pellets of natural iron ore) is used in one cycle, before further processing in a blast furnace, and (2) a continuous system, in which specially developed iron oxides are cycled between a reduction and oxidation reactor. Deactivation of iron oxides has been observed by a decrease in reduction rate in subsequent redox cycles, explained by a decrease in the surface area.
Generally, it is possible to summarize that iron oxides are identified among the optimum materials to produce hydrogen by water splitting owing to combination of favorable thermodynamic properties, reaction rate, as well as their stability at high temperatures, availability, and cost. Various advanced processes to produce hydrogen are being developed; however, their technological feasibility has not been proven so far-especially in the volumes relevant to the needs of hydrogen ironmaking.
Even partial substitution of carbon reductants by hydrogen may reduce CO 2 emissions considerably. Taking into account that production of 1 t of steel via the integrated route is followed by emission of 1.8 t of carbon dioxide on the average, with current level of steel production worldwide (if we take the share of steel produced via the integrated route as 60 %), substitution of even 10 % of carbonaceous fuel by hydrogen will result in cutting the CO 2 emissions by over 120 million tons per year.
It's noteworthy that thermodynamics of equilibrium in the system of Fe 1-y O-Fe 3 O 4 -H 2 -H 2 O were thoroughly studied 50 years ago by the researchers in the metallurgical domain, especially in the ironmaking context, and results were summarized very well by Bogdandy and Engel [13] . However, nowadays the metallurgical science and technology are underrepresented in the multidisciplinary efforts needed to bring about the water splitting technology capable of producing hydrogen for ironmaking.
Comparative cost analyses for hydrogen production technologies, especially those on the R&D stage, are constrained by the lack of data publicly available. In the paper by T-Raissi and Block [14] , it was stated that the cost to produce hydrogen by thermochemical water splitting (early R&D stage) is generally six times more expensive compared to steam methane technology (mature technology). However, technological advancement of thermochemical water splitting including that one achieved by application of inexpensive raw materials may enhance its feasibility. The current paper explores the potential of some inexpensive metallurgical materials and wastes to produce hydrogen via the thermochemical water splitting processes.
Materials and Methods
Iron monoxide as a material with considerable potential for thermochemical water splitting is the focus of many researchers; however, it is a component of some widely available metallurgical products or even wastes. Data on FeO content in various materials are shown in Table 1 . These materials have significant potential for water splitting due to the essential presence of FeO and they are available at integrated steel factories in large quantities. For example, the losses of metal in the form of rolling mills scale can reach up to 5 % of the rolled product weight, steelmaking slag yield is 100-150 kg per one tonne, and the yield of blast furnace dust depends upon quality of raw materials and varies from 10 to 50 kg per tonne of hot metal produced.
Other waste materials with the potential for hydrogen production considered in this paper are ferrosilicon slag and wastes from aluminum production. Depending upon the alloy grade produced, ferrosilicon slag composition varies as follows (mass%): 30-50 SiO 2 , 10-25 Al 2 O 3 , 8-15 CaO, 2-5 MgO, 10-20 SiC, and 15-30 Si ? 10-34 Fe. The slag yield is about 7 % of the produced alloy and it is widely available in many countries producing ferrosilicon. Currently, most of the slag is dumped (it is used in foundries in minor quantities; attempts to use it in blast furnaces to produce high-Si iron are also known) [15] .
To calculate thermodynamic parameters and to model phase equilibria, the HSC Chemistry 4.0 [16] and the Factsage 6.0 [17] software was used.
Results and Discussion Ferrous Wastes of Integrated Steelmaking Factories
A possibility to generate hydrogen by reaction between FeO in molten steelmaking slag and water vapor was confirmed by Matsuura and Tsukihashi [18] . It was shown that in a molten slag this process is controlled by the reaction:
the Gibbs free energy of which (DG°= -82,130 ? 102.7 T J/mol [19] ) is positive above 800°C. Therefore, under the temperature conditions of molten slag this reaction cannot proceed spontaneously without external inputs. In our paper we study reactions of steelmaking slag with water vapor at moderated temperatures when the water splitting process is controlled by a thermodynamically favored reaction (3). Depending upon the technology and raw materials used, steelmaking slag of a basic oxygen furnace (BOF) typically contains (mass%) 40-60 CaO, 10-30 SiO 2 , 15-30 FeO, 5-8 MnO, 4-8 MgO, and minor quantities of other components. In case it is used as a contact mass for water splitting, the reaction of water steam with calcium oxide, followed by the formation of calcium hydroxide (portlandite), may hamper process efficiency. Figure 1 establishes the temperature margins for the reactions of CaO and FeO with water. From thermodynamics, an optimal temperature range for water splitting by steelmaking slag is from 532 to 714°C, where water splitting by FeO is possible while calcium hydroxide cannot be formed. Below 532°C, both FeO and CaO may react with water, though in the temperature range 328-532°C a reaction with FeO thermodynamically is more favored. Below 328°C forming of Ca(OH) 2 is more favored thermodynamically than a reaction of water with FeO. To be processed in, e.g., a fluidized bed reactor or in another kind of apparatus in the abovementioned temperature range, slag must be cooled, solidified, and crushed. Steelmaking slag contains up to 8 % of metallic iron [20] , and it's reasonable to remove it for recycling before the slag is used for water splitting otherwise all iron will be oxidized. The abovementioned temperature range lies below the iron Curie point (770°C) and separation of metallic iron is possible without challenging water splitting reaction kinetics. However, a method to separate iron from the relatively hot slag must be developed in order to avoid its excessive cooling-i.e. below the threshold when portlandite is formed.
Even though the best temperature range revealed by Fig. 1 is relatively narrow, accurate process temperature control might be assisted by a slightly exothermal effect of the reaction (3) helping to compensate sensible heat losses.
In the work by Thaler et al. [10] , a temperature in the layer of ''metallized'' pellets (hematite pellets were pre-reduced to iron and then oxidized by water to Fe 3 O 4 ) is increased from 785 to 800°C due to the reaction with water.
Magnetite Curie point is 585°C; therefore magnetically susceptible Fe 3 O 4 formed in reaction (3) can be easily separated from the slag after it is processed in water splitting. This is an additional argument to use slag in water splitting: separated magnetite-rich fraction might be used either in ironmaking or in other, more value-added, applications.
To estimate the interaction processes between steelmaking slag and water steam, the modeling with application of Factsage software was performed. The system representing slag composed of (mass%) 54 CaO, 27 SiO 2 , and 19 FeO and water in relation 100/10 (slag/water) was studied under atmospheric pressure in the temperature range from 300 to 1000°C. Mass balance of hydrogen, presented in Fig. 2 , shows that above 400°C 17.5 mass% of hydrogen is released from the water to the gaseous form (H 2 ) and further temperature growth doesn't affect this Fig. 4 Change of the Gibbs free energy versus temperature for the reactions, relevant to the system representing water splitting by ferrosilicon slag waste figure in the given range. Solid phase content is shown in Fig. 3 and the results obtained allow assuming that in addition to reaction (3), the following process may contribute to water splitting:
When the temperature decreases down to 300°C, the water partially reacts with calcium oxide to form portlandite and the quantity of hydrogen released drops by nearly 2 mass% (abs). The results obtained by Factsage modeling are generally consistent with the scheme shown in Fig. 1 .
It should be noted that the ferrous phase in the materials listed in Table 1 might be represented with wüstite or with more complex compounds, e.g., ferrous orthosilicate (fayalite, Fe 2 SiO 4 ). Using HSC Chemistry software, we estimated the free Gibbs energy of the reaction of fayalite with water in the temperature range 200-800°C as follows: 
In the abovementioned temperature range, this reaction is thermodynamically favored (DG°\ 0). Therefore, application of the materials represented in Table 1 for water splitting has a solid background, even if divalent iron determined by chemical analysis belongs to a silicate phase.
Ferroalloy and Aluminum Industry Wastes
To estimate a potential of the ferroalloy slag to produce hydrogen, calculations were made using HSC Chemistry software for some relevant reactions. The results in Fig. 4 show that thermodynamically Si, FeSi, and SiC have a potential for water splitting even at a room temperature. Application for water splitting of widely available aluminum-bearing wastes is another considerable option. The reaction products are alumina (which could be used in many applications) and hydrogen. The reaction proceeds with strong exothermic effect. Using HSC Chemistry software, we estimated free Gibbs energy of the reaction of water with aluminum as follows:
Despite the favorable thermodynamics even at room temperatures, kinetically this reaction does not proceed due to the layer of aluminum oxide formed on the surface preventing water from the contact with Al. However, for the liquid metal (over 660°C) the reaction is possible [21] . In case hot wastes with liquid Al are used, the technology appears more reasonable: widely available waste, so-called white dross-slag, skimmed from primary aluminum melting furnaces-contains up to 70 % of metallic aluminum [22] .
Possible Technological Applications
Possible technologies where ferrous materials and wastes are used for water splitting were earlier considered [23] and schematically are represented in Figs. 5 and 6. Figure 5 shows the process flow sheet for the water splitting technology with the utilization of rolling mills scale. Water splitting is exothermic; however, the material must be preheated in order to ensure a high reaction rate. Fine scale (below 2 mm) from the secondary settling tanks of a rolling mill contains about 10 mass% of water and 15 mass% of oil. Degreasing and dewatering are complicated technological tasks hindering utilization of scale [24] . In our case the bound water, at least partly, could be split to hydrogen. One can assume that thermochemical conversion of the oil to volatile hydrocarbons can occur simultaneously with water splitting under the given conditions. In case of utilizing coarser (over 2 mm) scale from primary settling tanks of a rolling mill, the problem of oily matter is not essential (oil content is less than 1.5 %). Figure 6 shows a process involving production of high FeO sinter with its consequent use for water splitting at the modified sinter plant. A special kind of sinter with over 30 mass% of FeO was produced in small quantities at some steel factories in Ukraine as the material for so-called washing of a blast furnace hearth (a procedure to eliminate coke fines in heterogeneous liquid slag by reaction FeO ? C = Fe ? CO in order to increase slag fluidity). A certain amount of carbon dioxide will be emitted when such kind of sinter is produced; however, application of biofuels to substitute coke breeze can mitigate environmental footprint. Processed sinter might be used either in a blast furnace or recycled.
Conclusions
On-site production of hydrogen at a steelmaking enterprise is very important to bring about novel hydrogen-based ironmaking processes. Substitution of carbonaceous fuels and reductants in ironmaking by hydrogen may reduce CO 2 emissions considerably. Iron monoxide as a material with essential potential for thermochemical water splitting is the focus of lots of researchers. The presence of FeO in essential quantities in some widely available metallurgical products and wastes makes these materials attractive to use as a contact mass for water splitting. Thermodynamic modeling shows that steelmaking slag can be used for this purpose. Rolling mills scale and specially produced high FeO iron ore sinter are also possible candidates. Wastes of ferroalloy and aluminum industries, such as ferrosilicon slag and ''white dross,'' also have significant capacity for water splitting. Technological schemes for continuous onsite hydrogen production using rolling mills scale and iron ore as a contact mass are proposed.
